22 started preying on red deer), harsh winter conditions and naïveté of prey to this recolonizing 38 predator. 39 40
In a context of rapidly changing carnivore populations worldwide, it is crucial to understand the 23 consequences of these changes for prey populations. The recolonization by wolves of the French 24 Vercors mountain range and the long-term monitoring (2001-2017) of roe deer populations provided 25 us a unique opportunity to assess both lethal and non-lethal effects of wolves on these populations. 26
We compared roe deer population abundance and growth, fawn body mass, and browsing intensity 27 in two contrasted areas: a central area (core of a wolf pack territory characterized by an intense use 28 by wolves) and a peripheral area (used more occasionally). Both populations of roe deer strongly 29 dropped after an extremely severe winter but the population of the central area facing with wolves 30 was slower to recover (due to a much lower growth rate the following year) and remained at lower 31 abundance levels for 5 years. Fawn body mass was lower in the central area during that period and 32 was not influenced by weather conditions or population abundance. The browsing index in the 33 forests in presence of wolves decreased for a longer period, suggesting that possible habitat shifts 34 have occurred. Altogether, the effects of wolves on the roe deer population in the central area 35 occurred mainly during a 5-year period following the establishment of wolves, with effects at the 36 population level in the first years only through the interplay between wolf predation (before wolves 37
Introduction 42
The main drivers of population dynamics of large herbivores have been studied into much details 43 over the last decades (e.g. Coulson et al. 2001 ; Gaillard et al. 2013 for case studies). The 44 consequences of density, weather, habitat quality or hunting on age-specific survival and 45
reproduction are well documented in many species of large herbivores, with increasing empirical 46 evidence of interactions among those limiting factors (Hone and Clutton-Brock 2007; Bonenfant et al. 47 2009). Predation is clearly a major driver of evolution and population dynamics of prey (Volterra 48 1931; Reznick et al. 2004 ). Understanding and measuring the consequences of predation on the 49 population dynamics of large herbivores is, however, much more complex than for most other 50 environmental variables. Consequently, important ecological questions such as whether large 51 herbivores are undergoing a bottom-up or to-down limitation are still debated (Hopcraft et al. 2010 ; 52 Laundré et al. 2014) . 53
By killing prey and increasing mortality, predators are strongly expected to limit the 54 population growth rate of their prey but there are several arguments suggesting that prey 55 populations can support strong predation pressure. If mortality from predation is compensatory 56 because of density-dependence, population dynamics of prey may remain little affected by predation 57 until attack rates become really high and mortality from predation becomes additive to other sources 58 of mortality (Errington 1946) . Similarly, the difference in spatial scale between the ranging behaviour 59 of large carnivores and herbivores leads to differences in densities of several orders of magnitude 60 between predators and prey (Skogland 1991) . Consequently, large predators may have limited 61 consequences for population growth rate of prey and particularly so if predators are generalists and 62 can switch between different prey species (Murdoch 1969) or if they select juvenile or senescent 63 individuals because in large herbivores, the population growth rate is most sensitive to variation in 64 the survival of prime-aged adults Liberg 2015) particularly so in winter when snow layer is thick, which greatly limits roe deer mobility 69 (Heurich et al. 2012) . 70
In a context of rapidly changing abundance and distribution of mammalian apex carnivore 71 populations worldwide (Chapron et al. 2014; Ripple et al. 2014) , it is important to understand the 72 consequences of these changes for prey populations and ultimately for ecosystem functioning. Even 73 though studies on these consequences have accumulated over the past decades, most of our current 74 knowledge comes from studies from North American National Parks (and particularly from the grey 75 wolf Canis lupus and elk Cervus canadensis of the Greater Yellowstone Ecosystem) as pointed out by 76 Kuijper et al. (2016) . There is thus a need for studies from different contexts, particularly in Europe 77
where large carnivores live in or are recolonizing anthropogenic landscapes (Chapron et al. 2014) . 78
Further, whether prey have continuously co-evolved with their predator or have evolved in a 79 predator-free environment for several generations due to predator extirpation from some 80 ecosystems may ultimately influence the extent to which prey are vulnerable to predators (Byers 81 1997; Berger et al. 2001) . Indeed, naïve prey may fail to recognise the cues of a novel predator (but 82 see Chamaillé-Jammes et al. 2014) or may fail to respond appropriately and effectively to the risk of 83 predation by this predator due to the lack of experience (Banks and Dickman 2007; Carthey and 84 Banks 2014). For instance, along brown bear Ursus arctos recolonization fronts, brown bears killed 85 adult moose Alces alces at disproportionately high rates compared to sites where brown bears have 86 always been present (Berger et al. 2001 ). However, very little is known on how naïve prey respond to 87 recolonizing predators and how quickly they become effective at efficiently escaping these 88
predators. 89
In 1992, wolves crossed the Italian border to recolonize eastern France from where the 90 predator had been missing for ca. 100 years (Valière et al. 2003) . In this work, we took advantage of 91 the long-term monitoring (17 years) of roe deer populations in the west Vercors mountain range 92 covering contrasting areas in terms on wolf occupancy and abundance to assess the occurrence and 93 relative impact of lethal and non-lethal effects of wolves on these roe deer populations, and the 94 duration of the naïve period in these roe deer populations. If predation by wolves and the associated 95 predation risk affect roe deer, we expect (1) a decrease in the roe deer population abundance and 96 growth rate, (2) a decrease in roe deer fawn body mass, and (3) a decrease in the herbivore pressure 97 on the vegetation, following the return of wolves. 
Roe deer abundance 203
We analysed variation in roe deer abundance (assessed using the AI) with Generalised Linear Models 204 (GLMs) setting a logarithmic link function and a negative binomial distribution. We opted for a 205 negative binomial distribution because the model with a Poisson distribution did not fit the data well 206 (goodness-of-fit test: χ² = 1 451.71, df = 287, P < 0.001) resulting from over-dispersed count data (ver 207
Hoef and Boveng 2007). Even if we did our best not to change the road count protocol, transect 208 length did vary among years and across transects. Including an offset variable (log-transformed 209 number of kilometres) accounted for this heterogeneity in the data collection. We included a 210 categorical variable 'year' with 16 levels to test for temporal variation in roe deer abundance. We 211 investigated whether the temporal dynamics of roe deer abundance differed between the central 212 and peripheral areas by testing the first-order interaction between the effects of 'year' and 'wolf 213 area' (a 2-level categorical variable: "central area" and "peripheral area"). Finally, we fitted a model 214 where environmental covariates accounted for temporal variation in roe deer abundance and tested 215 the prediction that predation and winter conditions lead to decreasing population abundance with 216 the interaction term between the effects of the 'winter harshness index' and 'wolf area'. For the 217 population growth rate (r assessed from AI), we investigated the time variation using Gaussian linear 218 models; 'year' being entered as a categorical variable. We also fitted a model with first-order 219 interaction term between the effects of 'year' and 'wolf area'. For both AI and population growth 220 rate r assessed from AI, we assessed the statistical significance of all variables with likelihood-ratio-221 tests (LRT). 222
Fawn body mass 224
We analysed fawn body mass of roe deer using Gaussian linear models. All models, consistently 
Browsing index 240
The browsing index can reasonably be approximated by a proportion of consumed plants by 241 herbivores. We hence modelled the browsing index using GLMs, with a logistic link function and a 242 binomial distribution to constrain the response variable within the 0-1 interval. Our model included 243 a random effect of the plot identity because of repeated measurements at the same place over 244 years. We found no evidence for spatial correlation among the plots, so we did not specifically model 245 plot location. We then added a year effect (a 14-level categorical variable) to test for an effect of 246 time on the average browsing rate. Again, we assessed the statistical significance of time variation in 247 the browsing index using LRT tests. in the peripheral area ( Fig. 2A ). Since 2011, the annual variation in roe deer AI was synchronous in 270 the two areas, as for the period 2001-2005 ( Fig. 2A) . Winter harshness did not account for temporal 271 variation observed in roe deer AI (χ² = 0.10, df = 16, P = 0.99). 272 273 All annual growth rates of AI were biologically realistic (i.e. < 0.4) except for two years (Fig. 2B) , 274 which could be explained either by methodological biases (e.g. exceptional local conditions during 275 the counts) or by immigration. Figure 2B shows that the difference in roe deer AI between the two 276 areas for the period 2005-2010 resulted from the much lower growth rate in the central wolf area 277 between 2005 and 2006 compared to the peripheral area. After 2006, the annual growth rates were 278 rather similar in the two study areas (Fig. 2B) between 'year' and 'wolf area': F = 1.10, df = (12, 398), P = 0.35). Fawn body mass was on average 293 lower in the central than in the peripheral wolf area (0.700 ± 0.253 kg, t = 2.75, P < 0.01), consistently 294 between 2006 and 2011 but no clear patterns were detected before and after that period (Fig. 3) . 295
The differences in mean fawn body mass among years and between areas were, however, rather low 296 (≤ 1 kg). Of the four environmental covariates (i.e. the 3 weather indices and the population 297 abundance index), none accounted for annual variation in fawn body mass (Table 1) . 298
Herbivore pressure on the vegetation 300
The mean browsing index varied among years, between 0.10 in 2008 and 0.54 in 2001 (F = 22.27, df = 301 (13, 5046), P < 0.01; Fig. 4 ). In the central wolf area, the browsing indices markedly decreased in the 302 Vercors forests between 2001 and 2008, and continuously (but moderately) increased afterwards 303 ( Fig. 4) . 304 305 306
Discussion 307
Over the 17 years of our study, the roe deer population abundance patterns, as measured by the AI, 308
were similar in the central and peripheral areas but during the 5-year period between 2006 and 309 2010. During that period, roe deer abundance was lower in the central area, which corresponds to 310 the core of a wolf pack territory and is characterized by an intense use of the area by wolves. The steep decrease of roe deer AI occurred in both the central and peripheral areas, but the 323 roe deer population was slower to recover in the central area. Something different occurred 324 between the two study areas during the period 2006-2010. As no change in forest management 325 occurred (Randon, pers. obs.), we can discard big change in resource availability to account for such a 326 difference. Likewise, possible competition with red deer (Richard et al. 2010 ) cannot be involved 327 because no detectable change in the red deer population abundance was detected during that 328 period (unpublished data; supported by the lack of increase of the browsing index). The two wolf 329 areas being very close geographically, differences in local weather conditions can also be excluded. 330
No disease outbreak was reported over the study period (Randon, pers. obs.). The yearly variation in 331 roe deer harvest bags was also similar in the two areas (Appendix 2). Predation by wolves is thus a 332 likely factor to explain the difference we observe in population dynamics between the central and 333 
